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Abstract: High speed machining has become a versatile application in industry, allowing rapid 
manufacturing of components. In deriving the optimum cutting conditions, the study of technical 
performance factors is of great importance. This work presents an experimental study on the forces 
generated while milling AISI1020 steel at high cutting speeds from 250m/min to 450m/min. The 
experimental program was carried out for ninety different cutting conditions using three different 
tooling configurations. Results show an uneven force distribution for inserts on the same cutter due to 
the cutter run-out. The measured forces were transformed into the instantaneous tangential and radial 
force components. Cutting force (tangential force) varies with the speed, feed and depth of cut and 
shows an increase with feed and depth of cut while there is no specific trend shown with varying 
speed. Discussions are presented for the results obtained. This study will be used as a basis to 
develop a predictive model for high-speed end milling operations. 
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1 Introduction 
High speed machining (HSM) has become a versatile application in industry fulfilling the requirements 
of high productivity and better quality. High geometrical accuracy, low cutting forces are among the 
advantages of high speed machining that finds applications mainly in aerospace and die & mould 
industry. This paper focuses on the high speed milling process. 
Milling is an intermittent cutting process performed by a multi point cutting tool, where the chip 
formation process is more complex compared to turning operation that has a continuous cutting 
action. The uncut chip thickness varies during one tooth pass, where the tooth trajectory is a trochoid. 
High speed milling can be, milling at higher speeds or higher feed rates, but the depth of cut is smaller 
than for conventional milling. Therefore the chip section is small and the effect of the tool nose radius 
is no longer negligible, leading to a complex chip formation process. 
This paper presents an experimental study of high speed end milling of AISI1020 steel using three 
different tool configurations and for thirty different cutting conditions for each tool configuration. The 
remainder of the paper is structured as follows; firstly a literature review and then followed by 
experimental setup, cutting conditions, results and a discussion on the experimental results.  
2 Literature review  
The first concept of High Speed Machining (1931) was presented by Carl J Salomon [1], who is 
considered as the father of high speed machining. The results of his experiments, carried out on non-
ferrous metals such as Aluminium, Copper and Bronze, using helical milling cutters at speeds up to 
18067 m/min (surface metres per minute) revealed that with the increase of cutting speed, the cutting 
temperature increases up to a maximum value close to the melting point of the material and then 
decreases with further increase in speed [2]. This implies that there is a possibility of gaining the 
advantage of high speeds without the limitations due to heat generation. 
As explained by King & Vaughn [2], subsequent researchers were unable to find experimentally, the 
decreasing nature of temperature with increasing speed and they tried to verify this by studying the 
experimental method that Salomon used. Schmidt [3] criticized Salomons test results and he claimed 
that the temperature-speed plot presented by Salomon is valid only for the temperatures found to the 
left of the peak value. Since the cutting temperature increases with cutting speed there is a limitation 
on the tool as the temperature reaches the melting point of the material. Recht [4] studied ultra-high 
speed machining and theoretically analysed the variation of tool-chip interface temperature with the 
speed. As the heat generated at the tool-chip interface must be conducted into the chip, the rate of 
heat conducted away has to be increased. Therefore he predicted that the tool-chip interface 
  
temperature increases to a peak with the cutting speed and developed a mathematical model for 
prediction. His work was confirmed later by tests by McGee [5] on high speed milling of Aluminium (at 
3000m/min) and revealed the possibility of taking the advantage of high speed machining, as there will 
not be further increase in temperature beyond the melting temperature of the material, provided that 
the tool can withstand the temperature. These studies show that the temperature Salomon was 
referring to, can be the tool-chip interface temperature rather than the temperature at the shear zone. 
McGee [5] investigated high-speed end milling of Aluminium alloys and derived optimum cutting 
parameters for three types of Aluminium alloys using the results of empirical methods. For 6061-T651 
Aluminium alloy it was shown that the optimum machining parameters as; feed of 0.20-0.25 mm/tooth 
and speed of 2,225 m/min for end milling. He concluded that carbide tools are preferred for Al alloys 
and finally that the HSM is a cost effective process and these results are of great importance for the 
industry. 
Tugrul et al [6] investigated the flat end milling operation and used Finite Element Method (FEM) 
simulations to predict chip formation, cutting temperatures, tool stresses and cutting forces. They used 
P20 steel as the material and plain Tungsten carbide as the tool for this special straight cutting edge 
end milling process and cutting conditions were; cutting speed of 200 m/min, feeds of 0.1 and 0.155 
mm/tooth. The comparison of the predicted two force components (measured with the rotation angle) 
with the experimental results, showed a satisfactory agreement except a deviation shown for some 
angles. They considered this as successful at this 2D stage as the deviation was not present at all the 
angles. 
A study by Mativenga and Hon [7] considered the dynamic force signals generated in end-milling 
operation in a rotational speed range of 3750  31500 rpm. These experimental dynamic force signals 
have been studied using a real-time data acquisition system and in addition to the force components, 
the amplitude-frequency plots have been studied to characterise the occurrence of peaks in the force 
signal. It was revealed that the number of harmonics is reduced with the increasing spindle speed, 
implying that the tool has to withstand more force peaks at low speed, which may cause tool edge 
chipping. Another finding of the study was that in single tooth ball-nose end milling of H13 tool steel, 
as the tool traverses over the swept angle of the cut, the force doesnt build to a maximum following a 
sinusoidal function but it builds up to a maximum by a series of distinct peaks. It has been found that 
the tooth passing frequency is responsible for the most significant and base mode in the force 
harmonic signal. 
Abou-El-Hossein and Yahya [8] have investigated high-speed end milling of AISI 304 stainless steel, 
which has poor machinability, with multilayered (TiN/TiCN/TiN) carbide inserts. They concluded that 
the tool life is inversely proportional to the cutting speed and that the feed variation at high cutting 
speeds has small effect on tool life. From the experiments they obtained the optimum cutting 
conditions for the tool material combination of AISI 304 stainless steel and multilayered carbide inserts 
as a speed of 150 m/min and a feed of 0.075 mm/rev.  
The above studies were useful in selecting the cutting conditions for the experiments carried out here. 
3 Experimental procedure 
A set of partial immersion end milling tests were carried out on a 5-axis Deckel Maho CNC milling 
machine. Two types of tools of 40mm diameter were used with three types of inserts. The forces in X, 
Y and Z directions and the moment were measured using a Kistler type 9272 four-component 
dynamometer together with four Kistler type 5011 charge amplifiers. 
3.1 Experimental setup 
Given in figure 1 is a picture of the experimental set up. The work piece (AISI1020 steel) was mounted 
on the dynamometer, which was attached to the machine table. A PCL-818HD high performance 
multifunction data acquisition card was used to collect data together with a PC. The sampling 
frequency was set at 100 kHz for all four channels, giving 25 kHz for each channel. Cutting was 
performed such that the feed direction is in positive Y-direction of the dynamometer axis system. 
  
 
 
Figure 1: Experimental set up 
 
3.2 Tool configurations 
For this experiment, two cutters; a square shoulder cutter and a face mill were used. The three types 
of inserts used are a coated carbide triangular insert with 0.8mm nose radius (figure 2a), a cermet 
triangular insert with a chamfered edge (figure 2b) and a coated carbide insert with 2mm nose radius 
(figure 2c). All inserts were flat inserts, but the two triangular inserts have a protrusion chamfer on the 
edge introducing an effective rake angle of -20°. 
                    
     (a)     (b)           (c)  
Figure 2: (a) coated carbide insert with 0.8mm nose radius, (b) cermet insert with chamfered edge and 
(c) coated carbide insert with 2mm nose radius 
3.3 Cutting conditions 
Cutting tests were carried out at five different speeds, three feeds and two depths of cut for all three 
inserts as shown in the following table. The cutting speeds were selected according to the insert 
specifications. 
Cutting was carried out in such a way that the cut area is small compared to that in conventional 
machining operations. Hence the depth of cut is less than the nose radii of the inserts, thus the cut is 
only carried out on the nose of the insert. 
 
Table 1: Cutting conditions 
 
Cutter Insert Cutting speed Feed rate Depth of cut
(m/min) (mm/tooth) (mm)
Square shoulder Triangular insert 250,300,350,400,450 0.075,0.050,0.025 0.8,0.5
cutter with chamfered edge
Axial rake   - 0° Triangular insert 250,300,350,400,450 0.075,0.050,0.025 0.8,0.5
Radial rake - 0° with 0.8mm nose
Face mill insert with 2mm nose 250,300,350,400,500 0.075,0.050,0.025 0.8,0.5
Axial rake   - 8° Flat insert
Radial rake - -3°  
Dynamometer 
Work piece 
Tool 
  
4 Results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Force distribution for 0.8mm nose insert at 250m/min, 0.075mm/tooth feed and 0.8mm depth 
 
For all the cutting conditions, the force distribution showed a similar pattern and a sample plot is 
shown in figure 3.The tooth trajectory of the process is a trochoid. Since cutting was performed in the 
positive Y-direction, the force in that direction (Fy) is positive for the first half of the cycle and then 
become negative due to the cutter rotation. Since the positive X direction is in the opposite direction of 
the cutter rotation, the force in that direction (Fx) is always negative. Fz is the force in the vertically 
downward direction, which is almost positive. The force profile is such that, the force increases to a 
maximum starting from the minimum magnitude at the engagement of the tool with the work piece and 
then decreases to a minimum at the disengagement point. 
As seen in figure 3, the repetition of the force pattern is per revolution rather than per tooth pass of the 
cutter, though it has three inserts. This indicates that the force distribution for the tips on the same 
cutter deviates from each other. The first insert takes the biggest cut while the second takes the 
smallest and the third a medium cut. This is due to the variation of chip load for different tips of the 
same cutter. For the smallest feed rate 0.025mm/tooth, one insert doesnt cut at all hence the force 
profile has only two cycles per revolution of the cutter.  
Another observation made in this study is the dynamic effect on the force profile. The forces were 
overlapped by an oscillating signal and this effect is significant at the engagement, where the tool 
suddenly comes into contact. The oscillating frequencies of the forces are (approximately) higher 
harmonics of the tooth passing frequency (tooth passing frequency = 99.5Hz for figure 3). 
The force components were translated to the tangential and the radial components and the variation of 
the tangential force (cutting force) with speed, feed rate and the depth of cut were compared for 
different cutting conditions. For this comparison the force at 90° of rotation of the tool cutting edge with 
respect to the workpiece short end is used and is the maximum force during the cycle. The insert with 
the highest chip load was considered for the comparison. The cutting forces for all three tool 
configurations increase with the increasing feed per tooth and increasing depth of cut as seen from 
figure 4. It is observed that the forces obtained for the 0.8mm depth of cut set, is approximately 50% 
higher than the forces obtained for the 0.5mm depth of cut. But the variation with the cutting speed 
differs for each configuration. For the insert with 0.8mm nose radius, the tangential force increases 
from a speed of 250 to 300m/min and at a speed of 350m/min the force decreases and again 
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increases with speed from 350m/min (figure 4a). For the insert with a chamfer, the tangential force 
shows an increase with increasing speed up to 400m/min and decreases at 450m/min (figure 4b). For 
the insert with 2mm nose radius, firstly the force decreases with the speed up to 300m/min and then 
for speeds of 350m/min and beyond, it increases (figure 4c).  
 
(a) 
 
(b) 
 
(c) 
 
 
Figure 4: Variation of measured Tangential force with cutting Speed 
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In comparing the different inserts, it is observed that the insert with the 2mm nose radius has lower 
tangential forces than the 0.8mm nose radius insert. The insert with the chamfered edge also has 
lower tangential forces when compared to the 0.8mm nose radius insert. On average it is observed 
that the chamfered insert has the lowest forces generated of the three inserts used. 
The possible reasons for these trends are explained in the discussion. 
 
5 Discussion 
According to the results shown in figure 3, variation of the force profile among inserts on the same 
cutter is due to the different chip loads on each insert. This can be due to two reasons; the insert 
positioning and the tool run-out. All the inserts may not be in a same radial and the axial position on 
the cutter, there can be small variations due to the in-accuracy of insert positioning mechanism and 
the in-accuracy of the cutter geometry. This was verified by measuring the tool tip offsets. Though the 
offset is very small in the range of micro metres, due to the small cut section employed, the effect is 
significant on the chip formation process. Hence the resulting forces change with the offset of inserts. 
Also the cutter run-out can have an effect on the chip load. When the tool is rotating, all the inserts on 
the cutter may not follow the same path. There can be run-outs, causing the effective feed per tooth to 
change for each insert. 
Due to the intermittent nature of cutting, the system undergoes vibrations, which is excited by the tooth 
passing frequency. Hence the force profile is overlapped by an oscillating component with a frequency 
which is a multiple of the tooth passing frequency. 
The forces generated are affected by both temperature and strain-rate due to increase in cutting 
speed. As the speed increases, the strain-rate increases, causing the forces to increase. But since the 
temperature increases with speed, the forces tend to decrease. This effect of speed on forces can be 
explained by the strain aging effect. As found by Stevenson and Oxley [9] from machining tests, the 
flow stress starts to increase with increasing temperature and strain-rate. Thus the forces start to 
increase after the temperature rises to a certain value and continue to increase up to a limit and then 
start decreasing with further increase in temperature when the temperature effect dominates. 
Therefore the forces can show an increase with increasing temperature (i.e. with increasing speed). 
In observing the three different inserts used, it was found that the 0.8mm nose radius insert had a full 
radius joining the cutting edges while the chamfered insert had a straight section. The 2mm nose 
radius insert also had a full radius. Due to the presence of the straight section, it is postulated that the 
effective cutting edge is shorter when compared to the other two inserts thus producing lower forces. 
As mentioned above this then gives lower average forces for this insert. In terms of cutting efficiency 
this insert would be the better tip to use for high speed cutting. 
6 Conclusions 
From the experimental results obtained, it can be concluded that the tool offsets and run-outs have a 
significant effect on the cutting forces when it comes to high speed milling, where small cut sections 
are employed. This can cause uneven wear of the tool tips due to uneven chip loads. According to the 
results, the cutting force increases with increasing feed and depth of cut but does not show a specific 
trend with increasing speed. This could be due to the complex effect of temperature, strain and strain-
rate on the flow stress of the material. From the observations, the chamfered insert is the best insert to 
use for lower force generation. 
These experimental results will be used to develop a theoretical model to understand the process and 
predict forces in high speed end milling. 
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